A new technique for determining the resonance frequency (f 0 ) of four-terminal-pair air-dielectric capacitance standards is discussed. The resonance frequency is determined by measuring four parameters of the capacitance standards over a range of frequencies near f 0 . These parameters are the two-terminal-pair impedance coefficients as defined in an impedance matrix. From a knowledge of the four-terminal-pair resonance frequency of the standards it is possible to calculate their frequency dependence for f f 0 using a simple electrical model. For air-dielectric capacitance standards it is also possible to determine their dissipation factor from the −3 dB width of the measured resonance curve. Ultimately, the validity of the technique described here would need to be verified by establishing closure of a proposed 'metrological impedance triangle' (MIT). This would involve measuring the frequency dependence of a four-terminal-pair air-dielectric capacitance and a calculable resistance standard in a 10:1 bridge between a range of frequencies, for example 1.592 kHz and 1.592 MHz. The same standards are then compared in a quadrature bridge operating at the upper frequency of 1.592 MHz to enable closure of the MIT. Accurate closure of the MIT would be an important test for the validity of a number of high-frequency techniques and calculations for the first time.
Introduction
Coaxial bridge techniques are in widespread use in many national metrology institutes for accurate (better than 1 ppm) impedance measurements at frequencies up to 20 kHz [1, 2] . However, at present, using similar techniques at high frequencies, up to 10 MHz, the accuracies that can be achieved are at least four orders of magnitude lower [3, 4] . One of the main limiting factors has been the lack of reference 3 Guest researcher from IEN between January-March 2002.
standards with well-known frequency dependence up to the higher frequencies. A simple technique is described here which is found to be sufficiently accurate for determining the frequency dependence of four-terminal-pair (4TP) capacitance standards. A key feature of the technique is that it avoids the use of any four-terminal-pair LCR meters or impedance analysers for determining the resonance frequency of the reference standards, which has not been the case up to now [5] . Attempts have been made previously to determine the resonance frequency of 4TP capacitance standards using a 'grid-dip' meter [6, 7] . However, this method has been found 0957-0233/04/050969+04$30.00 © 2004 IOP Publishing Ltd Printed in the UK to be relatively inaccurate due to the finite loop inductance used to couple the grid-dip meter to the reference standards.
Scaling from a reference standard with a known frequency dependence to other decade value standards can be achieved using a 10:1 high-frequency 4TP bridge, as detailed in [8] .
Resonance of the four-terminal-pair capacitance standards
The definition of a 4TP standard was first devised by Cutkosky in 1964 [9] . It is possible to rewrite the 4TP definition for a general linear network as shown in figure 1(a), such that 
where Z ij ≡ V i /I j , so that I j =k = 0 with 1 (i, j, k) 4, such that for a linear reciprocal 4TP network Z ij = Z ji . Thus, the four-terminal-pair impedance is given by
or equivalently
where Z ij are the two-terminal-pair (2TP) impedance parameters which consist of various components (R 12 , L 12 , C p , R, C, L, R 34 and L 34 ) as shown in figure 1(b) . These parameters are measured over a range of frequencies near f 0 using a high-frequency constant current source and a voltage detector, also shown in figure 1(b) . The current source is a HP 8648B signal generator with an air-dielectric C i = 1 pF injection capacitor connected in series and the detector is a RF Stanford 844 DSP lock-in amplifier (LIA) with 200 MHz bandwidth and has a C d = 0.6 pF detection capacitor in series. The reference signal for the LIA is derived from a tee connected to the output of the signal generator (which is not shown in figure 1(b) ). From equation (3) it can readily be shown that Z 4TP is independent of the phase of the reference signal, and therefore it is more accurate to replace Z ij in equation (3) with |Z ij |.
It should be noted that equation (3) is only used to determine f 0 as well as the dissipation factor (from the −3 dB width of the resonance curve) and not the actual frequency dependence of Z 4TP for f f 0 . Firstly, this is due to the measurement set-up, shown in figure 1(b), not being a bridge circuit (or a null technique), and therefore direct measurement of the voltage signals with an LIA is limited by the instrument's inherent accuracy and contact impedances at the four ports. Secondly, the phase of the reference signal with respect to the input signal must be known accurately (which can be difficult to determine at high frequencies) if a bridge technique is not employed. The actual frequency dependence of Z 4TP for f f 0 is calculated from the simple electrical model assumed in figure 1 
, where C 0 is the value of the standard at low frequency (i.e. 1.592 kHz), and L = 1 ω 2 0 C 0 is the effective series inductance of the standard (as determined from its 4TP resonance frequency ω 0 = 2πf 0 ). From the resonance curve, the dissipation factor (δ) of the 4TP air-dielectric capacitance standards can also be determined,
where Q is the quality factor and f 1 and f 2 are the lower and upper −3 dB frequencies, respectively, from the resonance curve.
Results
The four in-phase and quadrature voltage components of V ij (corresponding to Z ij ) are measured automatically using LabWindows and an IEEE-GPIB interface connected to the signal generator and the LIA. Figure 2 shows the four in-phase and quadrature components measured for a general radio (GR) 1404A 1000 pF capacitance standard (modified to the 4TP geometry) between 1 MHz and 50 MHz. The corresponding plot of equation (3) with |Y 4TP | = |Z 4TP | −1 , against frequency is shown in figure 3 . The vertical dashed lines in both graphs of figure 2 show where the series 4TP resonant frequency occurs. It is interesting to note that in contrast with the sharp resonance observed in figure 3 , no such features are evident from the real or imaginary components of the four measured voltage parameters in figure 2 .
As shown in figure 3 the data can be fitted to a simple harmonic oscillator model with the series parameters L = 84.9 nH and R = 0.204 (solid line in figure 3 ). As expected, the fit quality is only good over a small 1 MHz bandwidth centred on f 0 due to the simplistic nature of the model used (since only a qualitative comparison was needed). The 4TP resonance of the capacitance standard only becomes apparent after the measured data are substituted into equation (3) . To check the robustness of the technique outlined above, additional HP 16384A 1000 pF, GR 1404B 100 pF (also modified to the 4TP geometry) and NL coaxial 100 pF capacitance standards were also investigated. A summary of the results is given in table 1. The dissipation factor and the frequency-dependence coefficient α (where α = [C 1 MHz − C 1 kHz ]/C 1 kHz ) of the four standards are also shown in table 1. The data in figure 3 also show that there is negligible skin effect contribution. Since the skin depth varies as 1/ √ f the resonance curve would not be symmetrical near f 0 and therefore the calculated resistance would not be a constant for the capacitance standards (or equivalently its dissipation factor). a Note the uncertainty in α is due to the measurement uncertainty in f 0 alone, and does not include any contributions from electrode surface-films or other air-dielectric impurities [10] .
Closing the proposed metrological impedance triangle
The schematic of the metrological impedance triangle is shown in figure 4 . One arm of the MIT consists of a capacitance standard such that its frequency dependence may be defined
, where C 0 = 1 nF is known accurately at 1.592 kHz from the dc quantum Hall effect (QHE) [10] , and α is the relative capacitance change from 1.592 kHz to 1.592 MHz. Similarly, the second arm of the MIT consists of a resistance standard and its frequency dependence may be defined as R(f ) = R 0 (1 + β), where R 0 = 100 (which is known accurately at dc from the QHE, and with the assumption that its relative change from dc to 1.592 kHz is either negligible or calculable) and β is the relative resistance change between 1.592 kHz to 1.592 MHz. From the above definitions α = β = 0 at 1.592 kHz. The frequency-dependence coefficient α for the 1 nF capacitance standard is measured on the 10:1 high-frequency bridge [8] in terms of the GR 1404B 100 pF reference capacitance standard (note that the frequency dependence of the 100 pF standard is determined from the 4TP resonance technique detailed above, with the results given in table 1). In contrast, the frequency-dependence coefficient β for the 100 resistance standard is measured using the 10:1 high-frequency bridge in terms of a calculable 4TP 1 k coaxial resistance standard. The 1 nF capacitance and 100 resistance standards can then be compared in a two-terminalpair quadrature bridge at 1.592 MHz, such that
assuming α, β and γ 1 and γ is the relative voltage injected to balance the quadrature bridge. Simplifying equation (5) gives α + β −γ = , which establishes closure of the MIT to an accuracy ' ' (a dimensionless quantity which would be zero Figure 4 . An example of the proposed metrological impedance triangle for measurement of the frequency-dependence coefficients α and β to an accuracy = α + β − γ over a given range of frequencies using a particular set of capacitance and resistance standards.
for a perfect closure of the MIT). However, for more accurate closure of the MIT (to a ppm or better) a 4TP quadrature bridge operating at 1.592 MHz will be needed, as well as two 1 nF and two 100 impedance standards. It is equally possible to compare two 100 pF capacitance standards with two 1 k resistance standards in the same high-frequency quadrature bridge at 1.592 MHz. Both the 100 and 1 k calculable resistance standards have already been developed recently in collaboration with NL Engineering, therefore work on the two arms of the MIT is currently in progress. It should be possible to eventually establish accurate closure of the MIT by developing a high-frequency 4TP quadrature bridge. The significance of establishing the MIT closure accurately is that it would prove the validity of a number of high-frequency techniques and calculations for the first time. It would prove the accuracy of the resonance technique detailed above, accuracy of the 10:1 high-frequency bridge (including the permuting capacitors technique for high-frequency inductive voltage divider calibration [12] ), accuracy of the calculations for the calculable resistance standards over a broad range of frequencies and the accuracy of the high-frequency quadrature bridge. In addition, this work is also likely to impact accurate calibration of LCR meters and impedance analysers [7] , enable traceable measurements in the 'gap' region between the lowfrequency and RF and microwave regions as well as enable accurate studies of the QHE at frequencies up to a few MHz (including the effects of temperature, current and field on the two-dimensional electron gas), in comparison with current 1 kHz to 6 kHz accurate measurements [13] . It is also interesting to note that the different frequency-dependence coefficients that have been reported in the literature for the QHE devices ( [13] and references therein) may only be robustly resolved by first establishing the closure of the MIT as a means to an accurate evaluation of the high-frequency bridge systems and standards.
Conclusions
A new technique has been developed to measure the resonance frequency of four-terminal-pair air-dielectric capacitance standards. From the resonance curve of the capacitance standards their apparent change in capacitance with frequency was calculated using a simple electrical model as well as their dissipation factors. Closure of a metrological impedance triangle has been proposed as a robust means of verifying the accuracy of theoretical models and high-frequency bridge systems currently under development, at several national metrology institutes, for the characterization of capacitance and resistance standards.
